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[1] Planetary auroral emissions reveal the configuration of magnetospheric field-aligned
current systems. In this study, Cassini Visual and Infrared Mapping Spectrometer
(VIMS) observations of Saturn’s pre-equinox infrared H3
+ aurorae were analysed to show
(a) rotational modulation of the auroral intensity in both hemispheres and (b) a significant
local time dependence of the emitted intensity. The emission intensity is modulated by
the ‘planetary period’ rotation of auroral current systems in each hemisphere. The northern
auroral intensity also displays a lesser anti-phase dependence on the southern rotating
current system, indicating that part of the southern current system closes in the northern
hemisphere. The southern hemisphere aurorae were most intense in the post-dawn sector,
in agreement with some past measurements of auroral field-aligned currents, UV aurora
and SKR emitted power. A corresponding investigation of the northern hemisphere auroral
intensity reveals a broader dawn-noon enhancement, possibly due to the interaction of
the southern rotating current system with that of the north. The auroral intensity was
reduced around dusk and post-midnight in both hemispheres. These observations can
be explained by the interaction of a rotating field-aligned current system in each
hemisphere with one fixed in local time, which is related to the solar wind interaction
with magnetospheric field lines.
Citation: Badman, S. V., et al. (2012), Rotational modulation and local time dependence of Saturn’s infrared H3
+ auroral
intensity, J. Geophys. Res., 117, A09228, doi:10.1029/2012JA017990.
1. Introduction
[2] The Pioneer and Voyager spacecraft first detected
powerful bursts of kilometric radiation from Saturn’s auroral
regions, the modulation of which was supposed to represent
the rotation of the planet’s interior [Kaiser et al., 1980;Desch
and Kaiser, 1981]. Since then, measurements made by the
Ulysses and Cassini spacecraft have revealed that the Saturn
Kilometric Radiation (SKR) emission periodicity varies on
much shorter timescales than can be explained by changes in
the planetary rotation rate [Galopeau and Lecacheux, 2000;
Kurth et al., 2007], and that the emissions from the northern
and southern hemispheres have their own independent
emission periods [Gurnett et al., 2009; Lamy, 2011]. Addi-
tionally, ‘planetary-period’ modulations have been identified
in many other magnetospheric phenomena, such as magnetic
field perturbations [e.g., Espinosa and Dougherty, 2000],
charged particle and energetic neutral atom populations
[e.g., Carbary et al., 2009], and ultraviolet (UV) auroral
emissions [e.g., Nichols et al., 2010a]. The source of this
oscillatory behavior is currently a subject of intensive
research, as introduced for example in the review byMitchell
et al. [2009].
[3] Detailed analysis of the magnetic field oscillations has
led to the suggestion that they are signatures of two indepen-
dent auroral current systems that rotate with different periods
in each hemisphere [Andrews et al., 2010; Southwood, 2011].
These field-aligned currents are directed across the pole at
high-latitudes, i.e. field-aligned downward into the ionosphere
on one side of the pole, field-aligned upward from the iono-
sphere on the other side of the pole, and partially closing in
the equatorial plane of the outer magnetosphere, as illustrated
in Figures 1c and 1d (reproduced from Figure 9 in Andrews
et al. [2010]). The field perturbations at high latitudes take
the form of planet-centered transverse rotating dipoles in
each hemisphere, which are produced by the rotating external
current system [Provan et al., 2009]. The near-equatorial
field perturbations take the form of quasi-uniform rotating
fields aligned with the effective dipoles in the equatorial
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plane, combined with north-south fields, resulting in arched
loops [Andrews et al., 2008]. The perturbation fields are also
illustrated by the red and green lines in Figures 1a and 1b for
the southern and northern hemispheres, respectively.
[4] Upward directed field-aligned currents are important
for the generation of aurora at different wavelengths via
the downward motion of electrons into the atmosphere. The
rotating field-aligned current systems can thus influence the
auroral intensity at different local times. The SKR emis-
sions themselves are observed to be most powerful when
the rotating upward current passes through the dawn sector
[Lamy et al., 2009; Andrews et al., 2010]. Evidence of
quasiperiodic intensification has also been identified in the
UV aurora, which brightens in the dawn sector in each
hemisphere at the corresponding SKR maxima [Sandel et al.,
1982; Nichols et al., 2010a]. Nichols et al. [2010a] also found
a lesser anti-phase effect in the UV emissions at dusk, con-
sistent with a rotating modulation of the auroral intensity.
[5] While investigation to date of oscillatory phenomena
in Saturn’s aurorae has used UV auroral images [Nichols
et al., 2008, 2010a, 2010b], recent analyses of observations
by the Cassini Visual and Infrared Mapping Spectrometer
(VIMS) [Brown et al., 2004] have shown Saturn’s main IR
H3
+ auroral emissions to be co-located with those in the UV
and thus driven by the same field-aligned current system
[Badman et al., 2011a; Melin et al., 2011]. To generate
IRH3
+ emissions, incident auroral electrons ionize atmospheric
H2 to form H2
+, which then reacts with H2 to produce the H3
+
ionized molecule. Ro-vibrational transitions of the H3
+ mole-
cule produce the IR auroral emissions [Drossart et al., 1989].
[6] Saturn’s H3
+ emissions are strongly dependent on the
atmospheric temperature and the incident auroral electron
energy and flux [Tao et al., 2011]. The maximum H3
+ auroral
intensity is expected to occur where the auroral electron flux is
maximum i.e. in the regions of maximum upward field-
aligned current, and from precipitating electrons with energies
up to 10 keV [Tao et al., 2011]. Auroral currents are
important sources of Joule heating in the atmosphere [Cowley
et al., 2004a; Galand et al., 2011], therefore a further
enhancement of the H3
+ emission in these regions is expected,
Figure 1. Schematic illustrating the oscillatory perturbation fields and field-aligned current systems. The
black lines indicate the magnetospheric field lines in the closed (grey) and open (unshaded) field regions.
The perturbation fields at a given instant are shown by (a) the red lines for the southern hemisphere and
(b) the green lines for the northern hemisphere. The blue lines in Figures 1c and 1d show the corresponding
field-aligned currents in the southern and northern hemispheres, respectively. Reproduced from Andrews
et al. [2010].
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associated with the local temperature increase resulting from
Joule heating.
[7] In this study we investigate for the first time how the
intensity of Saturn’s IR H3
+ aurora is modulated by local time
(LT) and the rotating field-aligned current system described
above. The VIMS instrument is capable of higher spatial and
temporal resolution than ground-based IR observations, and
has observed from a high latitude vantage point, and thus
provides a unique opportunity to analyze these characteristics.
2. Auroral Data
[8] This study employs 111 observations of Saturn’s H3
+
aurora acquired by Cassini VIMS during October 2006 to
February 2009. Of these, 33 were observations of the southern
aurorae and 78 were observations of the northern aurorae.
VIMS acquires a full IR wavelength spectrum (0.85–5.1 mm)
at each pixel position in its field of view (FOV) in turn, where
1 pixel = 0.5  0.5 mrad and the maximum FOV is 64 
64 pixels. The total time required to build up a 2-D image
was typically tens of minutes for the observations used in
this study. The data were projected onto a 1  1 planeto-
centric polar grid using an estimated peak emission height of
1100 km above the 1 bar reference spheroid [Stallard et al.,
2012]. The emission intensities used here were determined
from multiple wavelength bins containing R-branch H3
+ emis-
sion lines around 3.6 mm, and include a simple correction for
line-of-sight intensity enhancements, following the method
described by Badman et al. [2011b].
[9] For each VIMS observation, the intensities were
averaged over sections 1 in latitude  1 h in local time
(LT). In each LT section the maximum intensity was then
found between the colatitude limits of 10–25. These limits
contain the typical location of Saturn’s main IR auroral
emissions [Badman et al., 2011a, 2011b]. Each image cov-
ered a different area of the auroral region depending on the
VIMS FOV. Only the maximum intensities from sectors
which extended from the pole to auroral latitudes, i.e. to at
least 14 colatitude (a threshold determined from examina-
tion of the images), were included.
3. Magnetic Field Phase Model
[10] We use the phase model of the magnetic field pertur-
bations described by Andrews et al. [2012]. This model
reproduces the azimuthal rotation of the equatorial quasi-
uniform and polar quasi-dipolar fields described above, using
a simple rotating sinusoid separately for each hemisphere.
Considering first the southern hemisphere, the phase system is
defined such that at time, t, the direction of the fields points to
azimuth FM,S (t), where azimuth increases duskward from
noon. The azimuthal direction of the fields projected onto the
polar ionosphere of the planet at this arbitrary time, t, is indi-
cated by the red arrow in Figure 2a. The view is looking down
through the planet onto the pole with noon to the bottom and
dawn to the left. It follows from Figure 1 that the maximum
upward field-aligned current in the southern hemisphere
occurs at the azimuth where the southern-period equatorial
azimuthal perturbation field has its minimum value, which is
90 of azimuth ahead of FM,S (t) [Andrews et al., 2010]. This
azimuthal location of the maximum upward field-aligned
current is indicated by the blue line in Figure 2a.
[11] Likewise, it also follows from Figure 1 that the maxi-
mum upward field-aligned current in the northern hemisphere
occurs at the azimuth where the northern-period equatorial
azimuthal perturbation field has its maximum value, which is
90 of azimuth behind FM,N (t) [Andrews et al., 2010]. The
direction of the rotating fields and the location of the maxi-
mum upward field-aligned current at an arbitrary time, t, are
illustrated in Figure 2b for the northern hemisphere. The
northern and southern current systems rotate with different
periods so that the southern and northern effective dipoles do
not usually point in the same direction, as exemplified in
Figures 2a and 2b.
[12] Andrews et al. [2012] compared their magnetic phase
systems to the northern and southern SKR phase systems
derived by Lamy [2011]. The SKR phase systems were deter-
mined from examination of the SKR peak emission and are
referenced to maximum SKR emission at phase FS K R,N/S =
360n for integer values of n in each hemisphere indepen-
dently. The northern hemisphere magnetic and SKR phase
systems were found to be approximately equal to each other
such that at northern SKR maximum, FM,N (t) ≈ FS K R,N (t) =
0 (to modulo 360). At this time, the maximum upward field-
aligned current region from the magnetic model is located
at dawn, i.e. at azimuth f = 90, as shown in Figure 2d.
[13] For the southern hemisphere, Andrews et al. [2012]
determined that FM,S (t) ≈ FS K R,S (t)  150 in the pre-
equinox interval appropriate to the VIMS images employed
in this study. Therefore, at southern SKR maximum, when
FS K R,S = 0, FM,S (t) ≈ 150. The maximum upward field-
aligned current in the southern hemisphere is then located at
azimuth f = FM,S (t) + 90 ≈ 60. Similarly to the northern
hemisphere, this corresponds to a local time of 08 LT, i.e.
post-dawn. This orientation is illustrated in Figure 2c. In the
southern hemisphere the maximum SKR emitted power is
observed to come from an LT sector of width 8 LT, cen-
tered on 08 LT [Lamy et al., 2009; Lamy, 2011], indicated by
the grey shaded region in Figure 2c.
4. Example VIMS Observations
[14] Before presenting the results obtained from analysis of
all auroral images, we first show in Figure 3 an example
sequence of VIMS observations, which cover most of a
planetary rotation with a good view of the auroral region. This
sequence of six observations was acquired on 10 November
2006 (day of year 314) in the manner described in Section 2.
In Figure 3 the observations are projected at 0.5  0.5
resolution. The time at the middle of each observation is
labeled on each panel. The total accumulation time was 50–
70 min for each observation. The yellow grid marks latitudes
at intervals of 10 and the noon-midnight and dawn-dusk
meridians. The northern magnetic phase at the center time of
each observation is also labeled on each panel. The solid
yellow line marks the corresponding azimuth of the modelled
maximum upward field-aligned current, which rotates at the
defined northern hemisphere period and is referenced to 6 LT
at FM,N = 0. (This is equivalent to the blue lines illustrating
the azimuthal location of the maximum upward field-aligned
current in Figures 2b and 2d.)
[15] This sequence begins with the image centered on
1104 UT, when FM,N = 161 i.e. when the maximum upward
current region was expected to lie near dusk, and close to
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when a minimum in SKR emission was expected. Figure 3a
shows that the IR aurora were relatively dim at this time.
Over the next five hours (equivalent to approximately 180
phase) the emissions intensified overall, with a narrow arc
becoming apparent in Figures 3b–3d. In the subsequent
image e, the most intense IR emissions of the sequence were
observed in the post-dawn sector at 1730 UT, FM,N = 20.
These emissions occurred very close to the position of the
modelled maximum upward current indicated by the rotating
reference axis (yellow line). In the final image the most
intense region was located closer to noon and had dimmed
slightly.
[16] In Figure 3g, Cassini Radio and PlasmaWave Science
(RPWS) [Gurnett et al., 2004] measurements of the SKR
emitted flux density on 10 November 2006 are shown in a
frequency-time spectrogram. The SKR emissions are the
prominent bursts at 100 s of kHz. The vertical dashed lines
indicate the times of expected SKR maxima from the model
(FM,N (t) ≈ FS K R,N (t) = 0), and the labeled arrows at the top
mark the times of the images. Panel (h) shows the circular
polarization of the waves. The predominance of the white
coloring in this panel indicates that most of the detected SKR
was RH-polarized, meaning it was emitted from the northern
hemisphere, the same as the IR emission observed.
[17] Images (a)–(c) occurred when the SKR emissions
were quiet, while (e) and (f) occurred during a regular burst of
SKR emission from the northern hemisphere. These were the
images displaying the brightest IR emission, showing that the
auroral IR and SKR intensities were correlated, and that in
this case they maximized at close to the magnetic phase value
(FM,N  0) expected from the model. In accordance with
this, the most intense IR emissions were observed on the
dawnside.
[18] In the following sections the average LT and magnetic
phase dependence of Saturn’s H3
+ aurora are determined and
Figure 2. Schematic illustrating the definition of the magnetic phase systems and the relative location of the
maximum upward field-aligned current region in the (a) southern and (b) northern hemisphere ionospheres at
an arbitrary time, t. These are views looking down onto the pole of the planet with local noon at the bottom,
dawn to the left, and dusk to the right. Azimuth is defined as increasing duskward from noon. The colors
of the lines correspond to those used in Figure 1, i.e., the red arrow represents the direction of the southern
effective dipole, the green arrow represents the direction of the northern effective dipole, and the blue lines
indicate the azimuthal location of the maximum upward field-aligned current in both hemispheres. Figures 2c
and 2d illustrate the azimuthal location of the effective dipoles and upward field-aligned currents at times of
southern and northern SKR maximum emission, respectively.
BADMAN ET AL.: ROTATIONAL MODULATION OF SATURN’S H3
+ AURORA A09228A09228
4 of 12
compared to the model field-aligned current and observed
SKR behavior.
5. Results
[19] The magnetic phase at the center time of each VIMS
image integration was determined from the Andrews et al.
[2012] model. The maximum auroral intensities as func-
tions of LT were determined for each image, as described in
Section 2, and then averaged together over 72-wide bins of
magnetic phase. The width of the phase bins encompasses
the change in phase that occurs under the longest image
accumulation times (70 min ≈ 40 phase). The average
intensities are plotted as functions of LT and magnetic phase
for the southern and northern hemispheres in Figure 4.
5.1. Local Time Dependence
[20] Considering first the local time dependence of the
intensities in the southern hemisphere, the line plot in the
upper panel of Figure 4a shows the average peak intensity
distribution across local time, derived from all southern
images. The error bars indicate the standard error of the
average intensity in each LT bin. This distribution shows a
clear peak in the dawn sector with a maximum at 8–9 LT.
The average intensity was minimum around dusk (17–19 LT)
and increased again pre-midnight.
[21] The intensity distribution across LT in the northern
hemisphere, shown in the upper panel of Figure 4b, also
reveals a strong, broad peak in the dawn–noon sector. In this
case, the maximum intensities were found at 8–12 LT. The
intensity distribution decreased post-noon to a local mini-
mum at 16–17 LT, and then increased again post-dusk. The
minimum intensity was found in the early morning sector:
2–3 LT. The overall weaker IR emission from the north
compared to the south has been attributed by Badman et al.
[2011b] to the differences in ionospheric conductivity during
the pre-equinox interval studied here.
5.2. Magnetic Phase Dependence
[22] The color spectrograms in Figures 4a and 4b show
the average peak H3
+ intensity as a function of LT and
Figure 3. Cassini observations of Saturn’s IR aurora and SKR emission on 2006-314. (a)–(f) VIMS
observations of the northern IR H3
+ aurora. The data are projected onto a 0.5  0.5 planetocentric grid
at 1100 km above the 1-bar reference spheroid, with local noon at the bottom and dusk to the right.
The yellow grid marks latitudes at intervals of 10 and the noon-midnight and dawn-dusk meridians.
The solid yellow line indicates the location of the expected maximum upward field-aligned current,
referenced to 6 LT at FM,N = 0. (g) Cassini RPWS observations of SKR flux density on 2006-314
normalized to 1 AU. The times of images Figures 3a–3f are indicated at the top of the panel. (h) Circular
polarization of the waves detected by RPWS, where white indicates right-handed emission originating from
the northern hemisphere. The vertical dashed lines mark the times of maximum SKR emission from the
northern hemisphere, i.e., FM,N (t) ≈ FS K R,N (t) = 0.
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magnetic phase. Two cycles of magnetic phase are plotted to
show the continuity of the signals. There is evidence of a
linear dependence of the intensity on the magnetic phase
present in both the northern and southern hemisphere data.
That is, the maximum intensities were not observed at a
constant magnetic phase. In the northern hemisphere distri-
bution, where more data were available, there is less scatter.
[23] The line plots on the right hand side of the spectro-
grams plot the intensities averaged across each bin of mag-
netic phase. The intensity is maximum at 180 < FM,S (t) <
108 in the southern hemisphere, which encompasses the
valueFM,S (t) ≈150 at SKRmaximum derived by Andrews
et al. [2012], described in Section 3. Figure 4b shows that the
intensity is overall maximum at 108 < FM,N (t) < 180 in the
northern hemisphere, which is significantly out of phase with
the value derived for northern SKR maximum, FM,N ≈ 0,
described in Section 3.
[24] In each spectrogram panel of Figure 4 the expected
location of the maximum upward field-aligned current is
plotted by the dashed white lines. From the definitions above,
this line passes through azimuth fU,S = FM,S + 90 in the
southern hemisphere and fU,N = FM,N  90 in the northern
hemisphere (remembering that f is azimuthal angle
referenced to noon, such that in general local time is related to
f by LT = [(f + 180) mod 360]/15). In both the northern and
southern data, the maximum intensities follow the sense of
this line, moving through24 h of LT (360 azimuth) in each
360 of magnetic phase.
[25] Although the regions of maximum emission intensity
follow the slope of the lines indicating the maximum upward
current region, the peak intensities are offset to later LT,
particularly for the northern hemisphere data. This suggests
that the peak IR intensity is slightly displaced from the peak
upward current location defined by the magnetic phase
model.
[26] To examine this displacement, the intensity depen-
dence on ‘magnetic longitude’ has been considered. This is a
rotating longitude system, referenced only to the direction of
the effective dipole. The magnetic longitude of an auroral
feature located at azimuth f is defined by FM,N/S  f. This
longitude system then excludes the local time variation of
the intensity distributions. For example, using the relations
defined above, the model upward field-aligned current is
maximum at a magnetic longitude of FM,S  fU,S = 90 in
the southern hemisphere and FM,N  fU,N = +90 in the
northern hemisphere (see Figure 2).
[27] The resulting distributions are plotted in Figures 5a
and 5b, for the south and north, respectively, in the same
format as Figure 4, minus the LT distributions. The histograms
in the right hand panels show the average intensities in each
magnetic longitude bin and the associated standard errors. On
each of these a model sinusoid is also plotted in red, indicating
the intensity of the model rotating upward field-aligned current
system, normalized to the peak IR intensity in each case.
As just stated, the model upward field-aligned current is
maximum (represented by sinusoid maximum) at FM,S 
fU,S = 90 in the southern hemisphere and FM,N  fU,N =
+90 in the northern hemisphere.
[28] The southern hemisphere distribution, in Figure 5a,
shows horizontal banding in the color spectrogram and a
peak in the histogram, indicating that the H3
+ emission
intensity is well organized by southern magnetic longitude,
FM,S  f. That is, the intensity maximizes at a particular
azimuthal separation from the model effective dipole direc-
tion. It exhibits a clear maximum at 180 < FM,S  f < 252
and decreases to a minimum 180 either side of this. The
grey line plots a sinusoidal fit to the data averaged over 40-
wide bins of magnetic longitude. The maxima of the fit are
displaced from those of the modelled upward field-aligned
current sinusoid by 70  20. The ranges of magnetic
longitude quoted obviously depend on the width of the
longitude bins used, where the minimum width equivalent to
the longest VIMS image integration time (40 ≈ 70 min) has
been used here to determine the sinusoidal fit.
[29] The northern hemisphere intensity distribution, plot-
ted in Figure 5b is also well organized by the northern
magnetic longitude, FM,N  f. The maximum intensity
occurs at FM,N  f  0, and the minima at 180 either side.
In this case the peak of the sinusoidal fit to the distribution
(grey) is displaced from the model sinusoid (red) by 80
 20.
[30] We finally consider whether the northern IR intensi-
ties can be organized by the southern magnetic phase, which
was the dominant signal in the magnetic field oscillations
during this pre-equinox interval [Provan et al., 2011], and
vice versa. In Figure 5d the distribution of the northern
hemisphere intensities is plotted versus southern magnetic
longitude FM,S  f. Comparison of this distribution with
that in Figure 5b shows that while there is some organization
still present, the distribution is broader with a lower peak.
The distribution is 180 out of phase with the southern
intensity distribution shown in Figure 5a, and its peak is
significantly shifted by 115 from that of the modelled
southern field-aligned current (red line).
[31] The southern intensities are similarly plotted as a
function of the northern magnetic longitude FM,N  f in
Figure 5c. The intensities show a weak dependence on the
northern phase, with maxima and minima around 0 and
180, which are the same values as for the northern
intensities, and again are displaced from the model sinusoid
peaks by 130.
6. Discussion
[32] The distributions in Figure 4 show that the H3
+ emission
exhibits strong local time dependencies in both hemispheres,
Figure 4. Maximum IR auroral intensities as functions of local time (in 1 h bins) andmagnetic phase (72 bins). (a) Intensities
derived from 33 images of the southern hemisphere as a function of southern magnetic phase, FM,S. Two phase cycles are
plotted for clarity. Grey shading indicates where no data were obtained. The line plots in the top and right hand panels show the
average intensities across each bin of local time and magnetic phase, respectively. The error bars indicate the standard errors of
the values in each LT or phase bin. (b) Same layout as Figure 4a but for intensities derived from 78 northern hemisphere images
plotted as a function of northern magnetic phase, FM,N.
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with maxima post-dawn and minima around dusk. Addition-
ally, there is evidence of a rotational dependence of H3
+ emis-
sion intensity in both hemispheres, as the region of maximum
intensity moves through 24 h of LT (360 azimuth) in each
360 of magnetic phase. This demonstrates that the intensity
is related to the azimuthal rotation of the upward field-
aligned current system in each hemisphere.
6.1. Field-Aligned Current Distributions
[33] For a constant, rotating source of auroral emission, the
average intensity would be the same at all LT. The LT profiles
displayed in Figure 4 show that this is not the case. In both
hemispheres, the maximum intensity occurs in the post-dawn
regions. A minimum in intensity is observed around dusk,
before a second increase in intensity occurs post-dusk to
midnight. This behavior is clearer in the northern hemisphere
data, where more images were available, but is also apparent
in the noisier southern hemisphere data.
[34] A possible interpretation of this LT profile invokes
the superposition of two field-aligned current systems; one
rotating and one fixed in LT. The latter is associated with the
solar wind interaction, which causes sweep-back of the
magnetic field lines in the outer magnetosphere. The solar
wind interaction with Saturn’s magnetosphere is not yet fully
understood but could be caused by either a Dungey-cycle type
interaction, or viscous processes, or a combination of the two,
depending on the solar wind and interplanetary magnetic field
(IMF) conditions.
[35] In the former interaction, circulation in the outer
magnetosphere is driven by reconnection with the IMF at the
dayside magnetopause to form anti-sunward moving open
field lines, which subsequently close via reconnection in
the tail current sheet [Dungey, 1961]. Large flux transfer
events, like those which occur at the Earth’s magnetopause,
have not been observed at Saturn, however, evidence for
reconnection has been identified in the form of a normal
component of the magnetic field and heated or mixed
magnetosphere-magnetosheath electron populations at the
magnetopause [Huddleston et al., 1997; McAndrews et al.,
2008; Lai et al., 2012]. Lai et al. [2012] concluded that
these ‘connected’ flux tubes could maintain Saturn’s open
polar caps even though the flux transport in the sub-solar
region is small. A shear exists between the anti-sunward
open field lines at highest latitudes and the sub-corotating,
outermost closed field lines at adjacent lower latitudes
[Cowley et al., 2004b].
[36] Alternatively, viscous processes at the magnetopause
boundary can cause coupling with the solar wind, for exam-
ple via the Kelvin-Helmholtz instability. Evidence for growth
of the Kelvin-Helmholtz instability at Saturn’s magnetopause
has been presented in Cassini data and simulations [e.g.,
Masters et al., 2009; Delamere et al., 2011]. Viscous
coupling can again cause anti-sunward dragging of planetary
field lines in the outer magnetosphere, leading to a shear in
the magnetic field in the outer magnetosphere.
[37] Both of these processes can include local time
asymmetries, due to the sub-corotational flows relative to the
sheath flow at the dawn and dusk sides of the boundary. The
Vasyliunas-cycle, in which mass-loaded, closed field lines
become stretched down the dusk flank of the magnetosphere
until reconnection occurs to release a plasmoid downtail, and
the mass-depleted planetary field line contracts and rotates
toward the dawnside magnetosphere, may also contribute to
the LT-asymmetry of the field in the outer magnetosphere
[Vasyliunas, 1983].
[38] As a result of the solar wind-induced magnetic shear
across the outer magnetosphere, a field-aligned current
flows. The current is directed upward from the planet on the
dawnside of both hemispheres and downward toward the
planet on the duskside of both hemispheres. The sign of the
swept-back field reverses at the equator, therefore the sign of
the field-aligned current also reverses there. This quasi-
static, LT-asymmetric current system and its interaction with
a rotating field-aligned current have been suggested by
Southwood and Kivelson [2009] to explain the dawn-dusk
asymmetry in the SKR emitted power.
[39] The interaction of an LT-fixed, field-aligned current
system with a rotating current system could explain the LT
distribution of the H3
+ emission intensity observed in
Figure 4. As the rotating upward current sweeps through the
post-dawn sector, it reinforces the LT-fixed upward current
in that region leading to a maximum current (and hence
auroral intensity) in this sector. When the rotating upward
current region passes toward dusk, the net upward current is
reduced because of the supposed quasi-static downward
current present. As the rotating system continues toward
midnight the downward current decreases and the net
upward current increases again. This sequence explains the
overall auroral intensity maxima post-dawn and the minima
around dusk seen in Figures 4a and 4b.
[40] The northern hemisphere intensities also demon-
strated a weaker modulation by the southern hemisphere
magnetic phase (Figure 5d). The northern intensity maxima
and minima were observed to be 180 out of phase with
those of the southern hemisphere intensities. This suggests
that at least part of the southern rotating field-aligned current
system closed in the northern hemisphere, i.e. a region of
upward current (intense auroral emission) in the southern
hemisphere corresponded to a region of downward current
(weaker or no auroral emission) in the northern hemisphere.
[41] A system of inter-hemispheric field-aligned currents
was proposed by Southwood and Kivelson [2007] to explain
the magnetic field oscillations, however, their model used
only one current system rotating at a single period, which
Figure 5. Average IR intensities organized according to magnetic longitude in the same format as Figure 4. (a) Southern
intensities organized by FM,S  f. (b) Northern intensities organized by FM,N  f. (c) Southern intensities organized by
FM,N  f. (d) Northern intensities organized by FM,S  f. The histograms in the right hand panels show the average inten-
sities across each bin of magnetic longitude. The error bars indicate the standard errors of the values in each magnetic longi-
tude bin. The grey lines plot a sinusoidal fit to the data averaged over 40 bins of longitude. The red lines plot a model sinusoid
function, scaled to the maximum intensity of each distribution. The maximum upward field-aligned currents (the peaks of the
model sinusoid) are expected at FM,S  f = 90 for the southern system and FM,N  f = +90 for the northern system.
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does not account for the separate northern and southern
periods later identified. To explain the suggestion of currents
partially closing in the opposite hemisphere, both this model
and that of Andrews et al. [2010], illustrated in Figure 1,
require some modification. The southern intensities display a
weak modulation by the northern magnetic phase, in phase
with that of the northern intensities, although the effect may
not be particularly significant given the noisiness of the data
represented by the error bars in Figure 5c.
[42] While the auroral intensities are modulated by the
magnetic phases systems as just described, the locations of
the peaks and troughs do not exactly match those predicted
by the phase models. This is indicated by the offset from the
model sinusoids plotted by the red lines in Figures 5a and
5b, namely 70  20 in the southern hemisphere and
80  20 in the northern hemisphere. These displace-
ments imply that the IR intensity maximizes 3–6 h later in
LT than the model upward field-aligned current. This is
ahead of the maximum upward field-aligned current in the
direction of planetary rotation. If the auroral emission is a
direct representation of the upward current magnitude, this
may suggest that the rotating field-aligned current system is
not as symmetric as the simple rotating sinusoid currently
modelled, as is indeed evident in the magnetic field signals
used to fit the model sinusoid [Andrews et al., 2012]. In this
case it may reflect an earlier peak or steeper increase in the
upward current profile with respect to phase than that
exhibited by a strict sinusoid.
[43] The broadening of the northern intensity profile rela-
tive to the model sinusoid could be attributed to the influence
of both the northern and southern current systems. A related
superposition effect has been identified in the oscillations in
the equatorial magnetic field data by Provan et al. [2011]. If
part of the southern rotating field-aligned current system
closes in the northern hemisphere, there will be two regions
of upward current rotating with slightly different periods.
This could lead to a broadening of the intensity profile and
also contribute to the shift from the northern phase value
where the intensity is expected to maximize.
[44] To consider possible atmospheric causes of the dis-
placement, we note that the ionospheric H3
+ molecules are
known to travel in the sense of corotation in the brightest
auroral emission regions with typical velocities of order
1 km s1, which is a fraction of the corotating flow velocity
[Stallard et al., 2007]. This is therefore too slow to account
for the appearance of the maximum observed intensity
‘ahead’ of the maximum modelled upward current. However,
other factors such as the variable ionospheric conductance
and temperature also play important roles in governing the
H3
+ emission intensity. This topic requires a detailed model-
ing study in the future.
6.2. Comparison With Example VIMS Observation
Sequence
[45] Within the restrictions imposed by the incomplete and
changing FOV of the auroral region, the sequence of images
shown in Figure 3 demonstrates the two dependencies of the
H3
+ auroral intensity outlined above. First, the emission was
overall most intense around FM,N  0. Secondly, the most
intense emissions occurred in the post-dawn sector, which, in
accord with the previous statement, was close to the azimuth
of the modelled maximum upward current at that time.
The converse behavior is also observed: dimmer aurora at
FM,N  180 and on the dusk side.
[46] In general the most intense emission occurred at later
LT than the maximum upward current from the model, fur-
ther exemplifying the trend seen in Figure 4b. Consideration
of the superposition of the LT-fixed and rotating current
systems reveals that the point of maximum upward current
(and auroral intensity) first appears ahead of the peak of the
rotating system, as the rotating profile sweeps over the rising
portion of the LT-fixed profile, and then appears to lag the
rotating peak as it sweeps over the declining profile of the
LT-fixed system. Overall this would be observed as a sub-
corotating intense auroral feature. There is evidence of this
effect in Figures 3e and 3f, as the upward field-aligned
current reference axis (yellow line) sweeps across the most
intense patch of aurora toward local noon, implying the
current system is rotating faster than the most intense auroral
region.
[47] It is important to note that the profile of the ‘LT-fixed’
current system could in fact be variable, depending on the
solar wind conditions, as has been suggested to explain the
variation of the southern SKR period on timescales of weeks
by Zarka et al. [2007]. Furthermore, the reference magnetic
phase system employed does not reflect possible variations in
phase on timescales shorter than 200 days [Andrews et al.,
2012], such that the possibility of a sampling bias acquired
through the auroral images cannot be excluded. There may
also be considerable variability imposed by the occurrence of
sub-corotating auroral ‘blobs’ such as those seen here and
previously identified by Grodent et al. [2005], which may be
related to dynamic magnetospheric processes which can
occur independent of the magnetic phase. These effects
would be sources of uncertainty in analyzing the LT and
phase dependencies over long timescales.
7. Summary
[48] This study has examined the rotational modulation and
local time dependence of Saturn’s pre-equinoctial H3
+ auroral
intensity. The intensity distributions in each hemisphere were
modulated by the corresponding magnetic phase systems,
which define the rotation of a field-aligned current system in
each hemisphere. However, the maxima in auroral intensity
were out of phase with the expected maxima of the upward
field-aligned current in each hemisphere, occurring ahead of
the expected maxima in the upward current in the direction of
planetary rotation, i.e. at later LT. This may indicate that the
rotating current system may be more complex and asymmet-
ric than the simple sinusoid employed in the model.
[49] The aurorae in both hemispheres were on average more
intense in the post-dawn sector. The LT width of the peak in
the northern hemisphere was noticeably broader than that in
the southern hemisphere. Reduced intensities were observed
around dusk and post-midnight in both hemispheres. The LT
variation of the auroral intensity can be explained by the
superposition of the rotating current systemwith a quasi-static
field-aligned current system associated with the solar wind
interaction. This latter current is expected to be directed
upward at dawn and downward at dusk in both hemispheres,
thereby enhancing the rotating upward field-aligned auroral
current when it passes through the dawn sector and reducing it
around dusk.
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[50] The LT profile observed is consistent with long-term
(2004 and 2007) observations of LT asymmetries in the
southern SKR and UV emission intensities [e.g., Lamy et al.,
2009]. However, recent analysis by Carbary [2012] of UV
auroral observations made during 2007–2009 has shown that
the statistical peak in UV emission occurred earlier at around
5 LT in both hemispheres. They suggested that this shift to
earlier LT could be caused by a seasonal change in high-
altitude zonal winds affecting the field-aligned current sys-
tems. This shift is not observed in the IR emissions analyses
in the present study, which cover approximately the same
epoch, suggesting that the IR (H3
+) and UV (H and H2)
emissions may not identically reflect the auroral field-aligned
current profile (i.e. its intensity) because of other influences
such as thermospheric temperature [e.g., Tao et al., 2011].
This comparison and its relationship to the field-aligned
current profile remains to be clarified, but could contribute to
the observed phase offset.
[51] The northern intensities also displayed weak modula-
tion by the southern phase system, 180 out of phase with
the southern intensities, indicating the partial closure of the
rotating currents between the two hemispheres [Southwood
and Kivelson, 2007]. This could lead to a broadening in LT
and offset in phase of the intensity profile. A less significant
modulation of the southern intensities by the northern phase,
in phase with that of the northern intensities was also present.
[52] The dependencies found are revealed by statistical
analysis of a large number of auroral images, while part of
the identified variability can be attributed to variability of the
‘LT-fixed’ current profile related to the solar wind interaction,
and auroral features resulting from phase-independent mag-
netospheric dynamics. A comparative analysis of UV auroral
emissions from H and H2 should isolate whether the broad-
ened northern LT profile and offset of the maximum intensity
are unique to the H3
+ aurora, and help establish the influence of
atmospheric chemistry on the observed patterns. It will be
interesting to analyze observations of the post-equinox aurora
to observe additional sequences of auroral dynamics and see
how the overall behavior changes with planetary season. Such
tracking of the current systems will contribute to under-
standing the underlying rotation of the planetary field and
deep interior.
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